ABSTRACT Background: Overweight children have greater circulating concentrations of markers of inflammation (MOI) than do lean children. Whether adiposity influences the postprandial MOI response is unknown. Objective: We aimed to evaluate the relations of fasting and postprandial MOI with total and regional adiposity and insulin sensitivity in children. Design: Fifty-nine children aged 7-12 y were assessed for C-reactive protein (CRP), interleukin-6 (IL-6), and soluble tumor necrosis factor receptor-2 (sTNF-R2) in the fasted state and after a mixed meal. Insulin sensitivity, body composition, and abdominal adipose tissue distribution were assessed with a frequently sampled intravenousglucose-tolerance test, dual-energy X-ray absorptiometry, and computed tomography, respectively. Results: Central adipose measures were not independently associated with fasting MOI, although they were independently inversely associated with the postprandial sTNF-R2 response (r ¼ -0.30 to -0.37, P ¼ 0.02-0.006). The inverse association between intraabdominal adipose tissue and the postprandial CRP response was nearly significant (r ¼ -0.27, P ¼ 0.05). Insulin sensitivity was not associated with fasting or postprandial CRP or sTNF-R2; however, there was a positive relation between insulin sensitivity and fasting IL-6 (r ¼ 0.27, P ¼ 0.03), which was attenuated after adjustment for lean body mass (r ¼ 0.25, P ¼ 0.08). Conclusions: Excess adiposity is associated with both fasting and postprandial MOI. The postprandial MOI response may be influenced by central adiposity in children. The positive association of insulin sensitivity with IL-6 warrants further study.
INTRODUCTION
Increasing rates of obesity in the pediatric population are likely to result in premature chronic disease, such as coronary heart disease and type 2 diabetes mellitus (1, 2) . Factors underlying the association between adiposity and chronic disease deserve attention. Excess adiposity is strongly associated with elevated concentrations of circulating markers of inflammation (MOI), such as C-reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and TNF receptors (3) (4) (5) (6) . Importantly, systemic inflammation may underlie the development of obesityrelated chronic diseases (7, 8) . Central adiposity, in particular, has been shown to be strongly associated with both systemic inflammation and chronic disease risk in adults (9) (10) (11) (12) . However, the relation between inflammation and central adiposity has not been thoroughly defined in children. CRP was positively associated with visceral adipose tissue in a group of overweight and obese prepubertal children, although it is not known whether this relation was independent of total body fat (13) .
Low-grade systemic inflammation may be a causal factor in the development of insulin resistance (14) . Few have reported on the association between MOI and directly measured insulin sensitivity in children, and results from these studies suggest no association (15, 16) ; however, the confounding effects of body composition were not taken into account. Robust techniques to measure insulin sensitivity and body composition are required to determine the true relation between MOI and insulin sensitivity in children.
Postprandial metabolism may influence disease risk (17) . The concentrations of circulating inflammatory cytokines and CRP have been shown to change in response to a meal in healthy (18) (19) (20) (21) (22) (23) and overweight (24) adults. However, published data have been inconsistent regarding the direction of the specific postprandial MOI responses (ie, increase, decrease, or no change). Findings by Manning et al (25) suggest that obesity augments the postprandial MOI response. Alternatively, the postprandial MOI response may depend on the extent of the subjects' insulin resistance (24) . The associations of postprandial MOI with adiposity and insulin sensitivity have not been investigated in a pediatric population.
The aim of this study was to investigate relations of fasting and postprandial MOI with adiposity and insulin sensitivity in children aged 7-12 y by using robust measures of total and regional fat distribution and insulin sensitivity. Specifically, we hypothesized the following: 1) overweight children have greater fasting MOI concentrations and a greater postprandial MOI response than do lean children; 2) central body fat is positively associated with fasting and postprandial MOI, independent of total body fat; and 3) insulin sensitivity is inversely associated with fasting and postprandial MOI.
SUBJECTS AND METHODS

Subjects
Subjects were 59 healthy children aged 7-12 y ('64% boys and 63% African Americans) recruited as part of a larger crosssectional study and agreed to undergo a mixed-meal tolerance test (MMTT), which was not required for the parent study. All subjects were in pubertal stage 1-3, as determined by a pediatrician according to the method of Marshall and Tanner (26, 27) . Participants were recruited from January 2005 to September 2005 via newspaper advertisements, postings at local churches and community centers, flyers sent home from school, and word-of-mouth. Exclusion criteria included a current diagnosis of type 1 or type 2 diabetes, genetic disorders known to affect body composition or fat distribution, glucose or lipid metabolism disturbances, and/or use of medications known to affect body composition or physical activity. This study was approved by the University of Alabama at Birmingham (UAB) Institutional Review Board for Human Use. Consent and assent were obtained from a parent and the subject, respectively, before the study began.
Protocol
All data were collected during 2 overnight visits, which were no more than 30 d apart. At the first visit, height and weight were measured, a physical examination was conducted, and a computed tomography (CT) scan was performed at the UAB Hospital. After a 12-h overnight fast, a frequently sampled intravenous-glucose-tolerance test (FSIGT) was administered at the General Clinical Research Center (GCRC) to assess insulin secretion and insulin sensitivity (28) . For the second visit, the subjects reported back to the GCRC, where they fasted overnight for 12 h and then underwent an MMTT. This was followed by a dual-energy X-ray absorptiometry (DXA) scan in the Metabolism Core Laboratory of the UAB Clinical Nutrition Research Center.
Frequently sampled intravenous-glucose-tolerance test
To administer the FSIGT, flexible intravenous catheters were placed in the antecubital vein of both arms. Two fasting blood samples were drawn over a 15-min period for the measurement of basal concentrations of insulin, glucose, and MOI. An intravenous infusion of dextrose [300 mg/kg body weight using a 25% (weight per volume) solution] was given at time zero. Twenty minutes after dextrose administration, insulin (0.02 U/kg body wt) was infused over a 5-min period. A total of 26 blood samples were drawn, including the 2 fasting/baseline samples and 24 samples up to 240 min. Sera were stored at -85°C until analyzed. Glucose and insulin values over the 240-min FSIGT were entered into the millennium version of the Bergman minimal model (Minmod millennium 5.18, 2000; University of Southern California, Los Angeles, CA) for determination of the insulin sensitivity index (S I ) and the acute insulin response to glucose (AIRg).
Mixed-meal tolerance test
An MMTT was used to assess MOI and insulin concentrations after consumption of a meal containing carbohydrate, fat, and protein. To perform the test, a single flexible intravenous catheter was placed in the antecubital vein of the left arm. Two blood samples taken over a 15-min period were used to determine fasting/baseline concentrations of insulin, glucose, and MOI. A standard mixed meal (one can of Ensure enteral supplement; Ross Laboratories, Abbott Park, IL) was given to the subjects at time zero. This meal consisted of 250 kcal, 6 g fat, 40 g carbohydrate, and 9 g protein. The children were required to consume the meal within 5 min. Twelve additional blood samples were drawn up to 180 min after ingestion for a total of 14 blood samples. Sera were stored at -85°until analyzed.
Measurement of glucose and insulin
Glucose was measured in 10 lL sera with a SIRRUS analyzer (Stanbio Laboratory, Boerne, TX). The mean intraassay CV for this analysis was 1.2%, and the mean interassay CV was 1.9%. Insulin was assayed by using a double-antibody radioimmunoassay with 100-lL serum aliquots in duplicate (Linco Research Inc, St. Charles, MO). The mean intra-and interassay CVs for the insulin assay were 3.7% and 6.5%, respectively, and the mean assay sensitivity was 3.35 lIU/mL. The insulin response to the MMTT was defined as the incremental insulin area under the curve (AUC), which was calculated by using the trapezoidal method (29, 30) .
Measurement of inflammation markers
Concentrations of serum CRP, IL-6, and soluble tumor necrosis factor receptor type 2 (sTNF-R2) were measured in pooled sera from 2 fasting blood samples from the FSIGT (used for analyses of the fasted state) and blood samples taken at baseline and at 60, 120, and 180 min of the MMTT (used for postprandial analyses). High-sensitivity enzyme-linked immunosorbent assays were used to determine CRP (ALPCO Diagnostics, Windham, NH) and IL-6 concentrations (R&D Systems, Minneapolis, MN). The mean inter-and intraassay CVs for CRP and IL-6 were 10.2%, 10.0%, 15.9%, and 10.1%, respectively. An enzyme-amplified sensitivity immunoassay (EASIA) was used to determine sTNF-R2 concentrations (BioSource Europe, Nivelles, Belgium). The mean inter-and intraassay CVs for TNF-R2 were 8.7% and 6.5%, respectively. Samples were not available for all MMTT time points for every subject. Therefore, the postprandial MOI response was expressed as the incremental AUC per minute where appropriate in statistical analyses. The AUC was calculated by using the trapezoidal method (30) .
Determination of body composition and fat distribution
Total body fat, percentage body fat, and lean body mass were determined by DXA with a Lunar Prodigy densitometer (software version 6.10.029; GE-Lunar Corp, Madison, WI). Subjects were scanned in the supine position with their hands placed at their sides. Total abdominal adipose tissue, intraabdominal adipose tissue (IAAT), and subcutaneous abdominal adipose tissue were determined via CT with a GE HiLight/Advantage scanner (General Electric, Milwaukee, WI). Subjects were scanned in the supine position with their arms stretched above the head. A 5-mm single slice scan was taken at the level of the umbilicus, and a crosssectional area analysis of adipose tissue (cm 2 ) was performed by using a density contour computer program (31) .
Statistical analyses
Subjects were dichotomized by percentage body fat according to sex-specific cutoffs suggested by Williams et al (32) . Girls with ,30% body fat and boys with ,25% body fat were classified as lean; children exceeding these cutoffs were classified as overweight. Descriptive statistics (mean 6 SD) for all variables of interest were determined for each percentage fat group. Comparisons between groups for continuous variables were performed by using the 2-group t test or analysis of covariance, and comparisons for categorical data were performed by using the 2-group chi-square test or Fisher's exact test as necessary. Two-factor mixed-model repeated-measures analysis of variance was performed to evaluate changes in circulating MOI after the mixed meal. Pearson and partial correlations were performed to examine associations among continuous variables. The MOI response was expressed as the incremental AUC per minute in all postprandial correlation analyses. Ethnic differences in insulin sensitivity and secretion have been reported (33) . Thus, all analyses involving S I and AIRg included ethnicity as a covariate. Continuous variables that deviated from a normal distribution (MOI, total body fat, lean body mass, total abdominal adipose tissue, IAAT, subcutaneous abdominal adipose tissue, fasting insulin, and AIRg) were log-transformed before statistical analyses. All statistical analyses were 2-sided with a 0.05 significance level and were performed by using SAS (version 9.1; SAS Institute Inc, Cary, NC).
RESULTS
Descriptive characteristics and outcome measures are presented in Table 1 by percentage fat status. Compared with lean children, overweight children had a significantly higher fasting insulin (P ¼ 0.002, 2-group t test) and a lower S I (P ¼ 0.03, analysis of covariance). Overweight children also had higher fasting CRP (P , 0.001), IL-6 (P ¼ 0.005), and sTNF-R2 (P ¼ 0.02) concentrations than did lean children, as determined by 2-group t tests.
Postprandial response
To evaluate changes in postprandial circulating MOI within and between the percentage fat groups, 2-factor mixed-model repeatedmeasures analysis of variance was performed. CRP concentrations did not change significantly in either group ( Figure 1A) , and overweight children consistently had significantly higher postprandial CRP concentrations than did lean children (P ¼ 0.003). In both lean and overweight children, IL-6 concentrations increased 1 n values in brackets. Girls with 30% body fat and boys with 25% body fat were classified as overweight. S I , insulin sensitivity index; AIRg, acute insulin response to glucose; TAAT, total abdominal adipose tissue; IAAT, intraabdominal adipose tissue; SAAT, subcutaneous abdominal adipose tissue; CRP, C-reactive protein; IL-6, interleukin-6; sTNF-R2, soluble tumor necrosis factor receptor type 2. Differences between groups were determined by using a 2-group t test. Statistical analyses were performed on log-transformed data for total body fat, lean body mass, fasting insulin, AIRg, TAAT, IAAT, SAAT, fasting CRP, fasting IL-6, and fasting sTNF-R2.
2 Differences between groups were determined by using the 2-group chi-square test. 3 Differences between groups were determined by using Fisher's exact test. 4 Mean 6 SD (all such values). 5 Reported as least-squares means 6 SDs. Differences between groups were determined by using ANCOVA, with race as a covariate.
after the meal (P , 0.001; Figure 1B) , and there was no difference in postprandial IL-6 between the groups. Postprandial sTNF-R2 concentrations decreased significantly in both groups (P , 0.001; Figure 1C ) and were not significantly different between the groups. Time-by-group interaction terms were not statistically significant for any MOI. The incremental insulin AUC did not differ between the percentage fat groups (37,536.6 6 19331.8 compared with 40,130.8 6 17,380.6 for lean and overweight groups, respectively; P ¼ 0.61, 2-group t test)
Fasting and postprandial MOI compared with total and regional adiposity
Pearson correlation analyses showed that fasting MOI were significantly associated with most indexes of adiposity ( Table 2) . None of the fasting MOI were significantly associated with lean body mass. Adjustment for total body fat showed no significant relations between central fat deposition and fasting MOI ( Table 3 ). All measures of adiposity were inversely associated with the incremental AUC for CRP (r ¼ -0.36-0.50, P , 0.01 for all), such that the greater the adiposity, the smaller the postprandial CRP response (Table 2 ). Likewise, there was a trend toward a significant inverse association between IAAT and postprandial sTNF-R2 (r ¼ -0.26, P ¼ 0.05). None of the measures of adiposity were significantly associated with postprandial IL-6. The relations of all central adipose measures with postprandial sTNF-R2 became statistically significant (r ¼ -0.30 to -0.37, P ¼ 0.02-0.006) after adjustment for total body fat. A trend toward a significant inverse relation appeared between postprandial CRP and IAAT after adjustment for total body fat (r ¼ -0.27, P ¼ 0.05).
Fasting and postprandial MOI compared with insulin sensitivity
Partial correlations, adjusted for ethnicity and total body fat, showed a significant positive association between fasting IL-6 and S I (r ¼ 0.30, P ¼ 0.03; Table 4 ). Further adjustment for lean body mass attenuated the association to nonsignificance (r ¼ 0.25, P ¼ 1 CRP, C-reactive protein; IL-6, interleukin-6; sTNF-R2, soluble tumor necrosis factor receptor type 2; TAAT, total abdominal adipose tissue; IAAT, intraabdominal adipose tissue; SAAT, subcutaneous abdominal adipose tissue. Statistical analyses were performed on log-transformed data for fasting CRP, fasting IL-6, fasting sTNF-R2, total body fat, lean body mass, TAAT, IAAT, and SAAT.
2 n ¼ 53, 57, and 55 for fasting CRP, IL-6, and sTNF-R2, respectively; n ¼ 53, 53, and 58 for postprandial CRP, IL-6, and sTNF-R2, respectively.
3 P , 0.001. 4 P , 0.05. 5 P , 0.01. 6 n ¼ 52, 59, and 54 for fasting CRP, IL-6, and sTNF-R2, respectively; n ¼ 52, 52, and 57 for postprandial CRP, IL-6, and sTNF-R2, respectively. 7 Trend toward statistical significance (P , 0.10).
0.08). Fasting circulating MOI concentrations were not significantly associated with fasting insulin or AIRg, and there were no significant associations between the postprandial MOI response and S I or postprandial incremental insulin AUC (data not shown).
DISCUSSION
We sought to examine the relations between MOI, total and regional adiposity, and insulin sensitivity in lean and overweight children in both the fasted and postprandial states using robust measures of body composition, fat distribution, and insulin sensitivity. Although measures of central adiposity were not independently associated with MOI in the fasted state, both total body and central adiposity were found to be associated with the postprandial MOI response. In addition, there was an unexpected positive relation between insulin sensitivity and fasting IL-6.
Overweight children (5, 34, 35) and adults (36, 37) have been shown to have higher concentrations of fasting MOI than normalweight individuals. Likewise, we found fasting CRP, IL-6, and sTNF-R2 to be higher in overweight than in lean children. The assumed mechanism is that adipose tissue secretes various MOI, including IL-6, TNF-a, and TNF receptors (38) , and IL-6, in turn, induces the hepatic synthesis of CRP (39) .
To our knowledge, the postprandial inflammatory response has not previously been examined in healthy children. Consistent with previous reports in adults (21) (22) (23) (24) (25) , IL-6 increased after the meal in both lean and overweight children. Although obesity status influenced the postprandial IL-6 response among adult females (25), we found no influence of obesity in our subjects. Because CRP and IL-6 are mechanistically linked (39) , one would expect their postprandial changes to be similar. In our subjects, however, CRP did not change significantly in either percentage fat group. Dfferent postprandial responses of CRP and IL-6 were also found in healthy, lean men (23) . The observed disassociation between the IL-6 and CRP postprandial responses suggests that regulation of CRP is multifactorial and that CRP synthesis/secretion is not tightly coupled to acute change in IL-6. Indeed, CRP concentrations do not appear to be influenced by diurnal variations in IL-6 (40) .
Contrary to the IL-6 response, sTNF-R2 decreased after the mixed meal in both the lean and overweight children. Postprandial decreases in the TNF system have been observed in adults (23, 24, 41) , although this has not been a consistent finding (20) (21) (22) 25) . It has been hypothesized that TNF-a concentrations decrease after a meal to augment insulin-mediated nutrient uptake (24, 41) . Because sTNF-R2 may reflect the autocrine/paracrine actions of TNF-a (42), perhaps the decrease in sTNF-R2 we observed reflects a compensatory decrease in TNF-a activity. Alternatively, binding of TNF-a to circulating sTNF-R2 may inhibit the actions of TNF-a (43), which include the promotion of lipolysis and inhibition of lipogenesis (44) . Hence, it may be that the decrease in sTNF-R2 enables greater TNF-a activity.
Although central adiposity has been found to be associated with circulating MOI in adults and adolescents (9) (10) (11) 45) , our results in children showed that central adipose deposition was not independently associated with fasting MOI (Table 3 ). This observation confirmed the findings of Maffeis et al (13) . In contrast, we found a previously unreported independent association between central adiposity and postprandial CRP and sTNF-R2 responses. Unlike previous findings in adults (25) , we observed no association with postprandial IL-6. Our findings suggest that, in children, whereas total adiposity influences fasting MOI, central fat deposition influences postprandial CRP and sTNF-R2 responses. It is likely that there are different physiologic processes mediating the relations of adiposity with fasting MOI and with postprandial MOI responses. Alternatively, it is possible that the early metabolic effects of central obesity are more readily visualized in the postprandial state, and, with age and further accumulation of fat in the abdominal area, metabolic perturbations become apparent in the fasted state.
Despite the hypothesis that chronic inflammation can induce insulin resistance (14), we showed using robust measures that insulin sensitivity was not inversely associated with fasting or postprandial MOI in children. In contrast with our findings, Blackburn et al (24) found a significant positive association between postprandial insulin AUC and postprandial TNF-a in abdominally obese men. Adiposity, however, was not addressed as a potential confounder. Our data in children suggest that the postprandial MOI response is linked to adiposity rather than to insulin sensitivity.
In our population, fasting IL-6 was positively associated with insulin sensitivity in a manner that was dependent on lean body mass (Table 4) . Skeletal muscle contraction produces IL-6, which is associated with postexercise peripheral glucose uptake (46) . In addition, insulin-mediated glucose uptake is enhanced by acute IL-6 infusion (47). Thus, IL-6 may have a protective, 1 CRP, C-reactive protein; IL-6, interleukin-6; sTNF-R2, soluble tumor necrosis factor receptor type 2; TAAT, total abdominal adipose tissue; IAAT, intraabdominal adipose tissue; SAAT, subcutaneous abdominal adipose tissue. Statistical analyses were performed on log-transformed data for fasting CRP, fasting IL-6, fasting sTNF-R2, TAAT, IAAT, and SAAT.
2 n ¼ 52, 56, and 54 for CRP, IL-6, and sTNF-R2, respectively. 3 n ¼ 52, 52, and 57 for CRP, IL-6, and sTNF-R2, respectively. 4 P , 0.01. 5 P ¼ 0.05. 6 P , 0.05.
TABLE 4
Partial correlations (r) of the insulin sensitivity index with fasting markers of inflammation (MOI), adjusted for 1) ethnicity and total body fat and 2) ethnicity, total body fat, and lean body mass rather than a detrimental, influence on insulin sensitivity. Additional research is necessary to fully understand IL-6 and its physiologic effects. The strengths of this study included robust measures of insulin sensitivity, body composition, and fat distribution and the use of healthy children. A limitation of the study was the unequal distribution of lean and overweight children, which may have limited statistical power in subgroup analyses, as well as the unequal distribution of African American and white children, which inhibited our ability to investigate potential ethnic influences in our findings. The cross-sectional design of the study did not allow for cause and effect relations to be determined; thus, experimental studies are required to probe potential cause and effect relations. In addition, results reflected the response to only one type of meal and to a dose that was uniform across subjects, regardless of body mass or composition; use of a meal with a different composition (21) or a mass-specific dose may yield different results.
Our findings suggest that, even in children, excess adiposity influences both fasting and postprandial MOI, which may have implications for disease risk. Because of the association of inflammation with risk of chronic disease, research is needed on the effects of weight loss (35) and diet modification (21, 48) on the reduction of inflammation in overweight children. Further research is needed to determine whether the observed positive association between IL-6 and insulin sensitivity is mediated by skeletal muscle and whether skeletal muscle-derived IL-6 is beneficial to carbohydrate metabolism in children.
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